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Musclea b s t r a c t
Mitochondria have the capacity to produce and consume H2O2. We examined H2O2 metabolism in
isolated rat skeletal muscle mitochondria and found that the substrate-dependent capacity to con-
sume extramitochondrial H2O2 was markedly higher than the observed rate of H2O2 efﬂux from
mitochondria under the same conditions. The substrate-dependent capacity to consume H2O2 was
sensitive to the pH of the medium and we propose that pH related differences in H2O2 consumption
pathways may explain inconsistencies we observed between H2O2 efﬂux rate and the reduction state
of the matrix NADH pool.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Mitochondria are widely implicated as a source of reactive oxy-
gen species (ROS) and, although a matter of debate, this is often
linked to oxidative stress associated with diseases and the aging
process (see [1–6] for a short list of relevant reviews). The primary
initial form of ROS produced by mitochondria is superoxide, which
is rapidly dismutated in the matrix by Mn-superoxide dismutase
(MnSOD), into H2O2. The production of ROS by mitochondria is
set by the redox centers present that can form ROS, the reduction
state of these electron donating redox centers and the exposure of
the redox centers responsible for the electron leaks onto oxygen.
Thus, ROS production by mitochondria can also be described as a
function of the enzyme complexes found in the speciﬁc type of
mitochondria, the protonmotive force, membrane potential and
the substrates present, as well as their concentration [2,7–11].
The reduction state of the mitochondrial NAD-pool, measured
by NAD(P)H autoﬂuorescence or clamping the reduction state
using different acetoacetate/b-hydroxybutyrate ratios, is corre-
lated to the rate of H2O2 production by isolated mitochondria
[10,12–15]. Recently it has been shown that rat skeletal muscle
mitochondria, respiring on malate or malate and glutamate in
combination, produce approximately 50% more NADH-dependent
H2O2 than that produced by complex III; however, bothNADH-dependent and complex III-dependent ROS production in-
crease with increasing %NAD(P)H in uninhibited mitochondria [10].
In the absenceof electron transport system inhibitors the steady state
%NAD(P)H will reﬂect the balance between the protonmotive force,
which impairs NADH oxidation by complex I, and the capacity to re-
duce NAD+ by substrate oxidation. Thus, NAD(P)H autoﬂuorescence
incorporates two key factors, the reduction state of the NAD-pool as
well as the protonmotive force, that are important correlates of net
ROS production by uninhibited mitochondria. This suggests that for
uninhibited mitochondria the %NAD(P)H signal may be a useful pre-
dictor of net ROS production by muscle mitochondria.
Although widely acknowledged [2,4,7,11], the capacity for
mitochondria to consume H2O2 has received less study compared
to the formation of ROS, especially at the level of isolated mito-
chondria. The primary H2O2 consuming pathways in mitochondria
studied so far rely on the NADPH-dependent thioredoxin and glu-
tathione reductase pathways to maintain the peroxidases in the re-
duced and active form [7,11,16], although in liver mitochondria the
catalase present in the matrix may be the predominant H2O2 con-
sumer [16,17]. Brain mitochondria can consume exogenous H2O2
at high rates in the presence of respiratory substrates [16,18]. This
substrate driven consumption of H2O2 is several fold higher than
the rate of H2O2 production under the same conditions. Based on
the calcium sensitivity of H2O2 producing and consuming pro-
cesses Zoccarato et al. [18] have argued that brain mitochondria
are actually calcium sensitive H2O2 consuming organelles;
whereas, Starkov [7] has elegantly argued brain mitochondria
act as ‘‘stabilizer’’ of cellular H2O2 levels such that they are
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dria from sources other than brain have not been studied in as
much detail with respect to H2O2 consumption capacity.
In the present study we examine H2O2 metabolism in mito-
chondria isolated from rat skeletal muscle. It has been shown pre-
viously that compromising matrix peroxidases in rat skeletal
muscle mitochondria increases the rate of observed H2O2 efﬂux
[15]. Here we demonstrate that skeletal muscle mitochondria also
display a respiratory substrate-driven capacity for H2O2 consump-
tion that is several fold greater than the observed H2O2 efﬂux un-
der the same conditions. We further characterized H2O2
metabolism by isolated mitochondria by altering the pH of the
medium. These results demonstrate that ROS production by mito-
chondria respiring on NADH-generating substrates is not solely a
function of the NADH-reduction state; however, the pH-dependent
changes in the capacity of these mitochondria to consume H2O2
may explain the observed changes in H2O2 efﬂux.
2. Materials and methods
2.1. Animals, mitochondrial isolation and chemical reagents
Male Sprague–Dawley rats were housed in the Biological Sci-
ences Fort Garry Campus (University of Manitoba) animal holding
facility. They were fed standard chow ad libitumwith free access to
water while being maintained at 22 C. Rats were killed by asphyx-
iation with CO2 and hind limbs were removed and processed for
mitochondrial isolation by differential centrifugation as described
in [19]. Mitochondrial protein concentration was determined using
the Biuret assay in the presence of 0.2% sodium deoxycholate and
bovine serum albumin was used as the protein standard. All re-
agents were purchased from Sigma–Aldrich, Invitrogen, or Fisher
Scientiﬁc (Acros). Animal husbandry and euthanasia were ap-
proved by the University of Manitoba Protocol Management and
Review Committee.
3. Experimental
All assays were conducted at 37 C in the following medium:
120 mM KCl, 20 mM Hepes, 2.5 mM MgCl2, 5 mM KH2PO4, 1 mM
EGTA with 0.3% (w/v) defatted bovine serum albumin. The pH
was set to 6.8, 7.2 or 7.6 (at 37 C) as indicated.Fig. 1. Representative ﬁgure of H2O2 consumption assay. At time = 0 s, mitochon-
dria and respiration medium (pH 7.2 in this case) were added and the chamber
closed followed by additions of H2O2 and respiratory substrate (5 mMmalate in this
example) as indicated. Note, over the ranges used the electrode response was linear
to changes in H2O2 concentration. The range for the rate of H2O2 consumption in the
absence (background) and presence of respiratory substrate are indicated in grey.3.1. H2O2 consumption
Mitochondria (0.2 mg protein ml1) and assay medium at the
appropriate pH were added to a water-jacketed chamber main-
tained at 37 C. The chamber volume was 4 ml and the contents
were constantly mixed via a magnetic stirring bar. The chamber
was closed by a stopper with holes that ﬁt the electrode and
ground wire from an Innovative Instruments HP-250 Hydrogen
Peroxide Electrochemical Sensor. An additional port allowed for
injection of compounds using a syringe. After a period to allow
the signal to stabilize (3–5 min) a known amount of H2O2 was
added to the chamber. The electrode response was used to cali-
brate the signal in pA to H2O2 in lM. The rate of H2O2 consumption
in the absence of respiratory substrates was determined followed
by the addition of either 5 mM malate or 5 mM glutamate plus
5 mM malate (glutamate + malate). The electrode signal was mon-
itored until all measurable H2O2 was consumed followed by sev-
eral minutes to determine any drift in the electrode signal. If
there was drift, a linear extrapolation using this drift was used to
correct rates of consumption. Either 1 or 3 lM H2O2 was used to
initiate the consumption measurement; however, to ensure com-
parable values the rate of consumption was always taken fromthe range of approximately 0.95–0.45 lM H2O2 for the substrate
dependent rate of consumption. No appreciable difference was
found in the rate observed over this range of H2O2 concentration
between assays initiated with 1 or 3 lM H2O2. See Fig. 1 for a rep-
resentative trace.
3.2. H2O2 production and %NAD(P)H autoﬂuorescence
The rate of H2O2 efﬂux was measured using Amplex Ultrared as
described elsewhere [10,15,19]. Brieﬂy, mitochondria (0.2 mg pro-
tein ml1) were added to a cuvette with assay medium plus
5 IU ml1 horseradish peroxidase, 25 IU ml1 superoxide dismu-
tase and 50 lM Amplex Ultrared. The cuvette was maintained at
37 C and was constantly stirred while ﬂuorescence was monitored
at 560 and 590 nm for excitation and emission wavelengths
respectively. After 5 min substrate was added to the cuvette. The
rate of increase in ﬂuorescence was converted to nmol H2O2
min1 mg protein1 based on calibration curves constructed with
known amounts of H2O2. The NAD(P)H autoﬂuorescence was mon-
itored as described previously [10,15]. The protein concentration
was 0.3 mg proteinml1 with excitation and emission wave-
lengths of 365 and 450 nm respectively. Each assay was calibrated
according to its own 0% (ﬂuorescence following 5 min in the ab-
sence of substrate) and 100% value (ﬂuorescence in the presence
of 4 lM rotenone and 5 mM glutamate + malate).
3.3. Oxygen consumption and estimation of membrane potential with
safranin-O
Mitochondrial respiration was measured using a ﬁber-optic
based oxygen sensor (NeoFox) in a 3 ml water jacketed chamber
maintained at 37 C with a circulating water bath. Assay medium
and mitochondria (0.2 mg protein ml1 for 5 mM gluta-
mate + malate or 0.6 mg protein ml1 for 5 mM malate) were
added to the chamber, which was mixed constantly by a magnetic
stirrer, and the vessel was sealed. The rate of respiration was mea-
sured in the presence of substrate either under non-phosphorylat-
ing conditions (absence of ADP or state 2 according to Estabrook
[20]) or phosphorylating conditions (following the addition of
0.2 mM ADP). In the case of 5 mM glutamate + malate the respira-
tory control ratio was determined as the state 3 (phosphorylating)
respiration rate over the respiration rate measured following the
depletion of added ADP (state 4).
The uptake of safranin-O was used to estimate mitochondrial
membrane potential as described elsewhere [21,22]. Mitochondria
were added to assay medium with 2 lM safranin-O in a cuvette
Fig. 2. Comparison of mitochondrial H2O2 metabolism, %NAD(P)H and non-
phosphorylating respiration. All data are for a medium pH of 7.2. ⁄ Indicates a
difference between 5 mM malate and 5 mM glutamate + malate (P < 0.05). Data are
mean ± S.E.M. (n = 5 separate mitochondrial preparations).
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monitored using excitation and emission wavelengths of 530 and
590 nm. Once the ﬂuorescence had stabilized after the addition of
mitochondria, the ﬂuorescence quenching due to the addition of
substrate wasmeasured until ﬂuorescence values again reach a sta-
ble value. The release of safranin-O was induced by the addition of
excess uncoupler (up to 2 lM carbonyl cyanide 4-(triﬂuorometh-
oxy) phenylhydrazone (FCCP)) and this ﬁnal ﬂuorescence value
was not signiﬁcantly different from the ﬂuorescence prior to the
addition of substrate. We did not add nigericin and therefore only
estimate membrane potential and not the full protonmotive force.
3.4. Experimental caveats
We measured H2O2 consumption over a range of extramito-
chondrial H2O2 concentration that is likely above matrix level.
Even if we assume that H2O2 rapidly diffuses across membranes
and readily equilibrates our observed rates may be higher than
that which might be anticipated in vivo at physiological H2O2 con-
centrations. Although very few data are available on the intracellu-
lar H2O2 concentration the current best estimate of steady state
matrix H2O2 concentration in vivo under normoxia ranges from
approximately 0.1–0.3 lM; albeit this was determined in Drosoph-
ila mitochondria [23]. A steady state intracellular concentration of
approximately 0.1 lM H2O2 has been reported for mouse liver
slices [24] and levels in isolated single muscle ﬁbers at rest are
estimated to be around 0.1 lM H2O2 [25,26]. Using our technique,
the rate of H2O2 consumption declines as H2O2 become depleted
especially at very low H2O2 concentration; see Fig 1, thus the con-
sumption assay as described does show a degree of dependency on
H2O2 concentration. We did not determine the rate at levels as low
as 0.1 lM H2O2 because we found that the sensitivity of the elec-
trode is not sufﬁcient for robust kinetic measurements.
The pH of the mitochondrial matrix will be offset from the med-
ium by theDpH established across the innermembrane.We did not
measure the DpH but this tends to be approximately 0.5 pH units
with rat muscle mitochondria respiring on succinate under non-
phosphorylating conditions [27]. A feature important to our experi-
ments is that the DpH does not change appreciably with the pH of
themedium.Moreover,wehad5 mMphosphate in our bufferwhich
with succinate as substrate blunts theDpH to approximately 0.1 pH
units [27]. In another type of pH titration experiment it was shown
that the DpH for rat muscle mitochondria parallels the pH of the
medium when the electron transport chain is inhibited and the
mitochondria are energized by ATP hydrolysis [28]. Therefore,
although we did not directly measure the DpH, and thus do not
know thepHof thematrix, it is reasonable to assume that thematrix
pH will change in parallel with the pH of the medium. There will be
some small difference in matrix pH between our 5 mM malate and
5 mMglutamate + malate condition but this differencewill be smal-
ler than the 0.4 pH unit steps we use in the experiments.
3.5. Analysis
All data are mean ± S.E.M. unless otherwise stated. Means were
compared by t-test (paired when appropriate) with P < 0.05 being
considered signiﬁcant. When multiple pair-wise comparisons were
made the critical value was adjusted by using a Bonferonni correc-
tion for multiple comparisons.
4. Results and discussion
4.1. H2O2 consumption capacity exceeds H2O2 efﬂux
In the absence of respiratory substrates there is a small degree
of H2O2 consumption, which was found to be insensitive tomedium pH (data not shown); however, addition of respiratory
substrate results in a marked increase in the H2O2 consumption
rate (Fig 1). The capacity for H2O2 consumption in the presence
of respiratory substrate is substantially greater than the observed
rate of H2O2 efﬂux regardless if 5 mM malate or 5 mM gluta-
mate + malate is added as substrate (Fig. 2A).
The %NAD(P)H and respiration rate were much higher when
5 mM glutamate + malate is added compared to when only malate
is provided as substrate (Fig. 2B). This is consistent with a high de-
gree of NADH-dependency for superoxide and H2O2 production in
the matrix of skeletal muscle mitochondria [10,15].
The contrast between the relationship of H2O2 consumption and
production with the NADH reduction state is noteworthy. The H2O2
efﬂux increases as the %NAD(P)H goes from about 35% to 94%, con-
sistent with increasing reduction of the redox centers responsible
for the electron leakage to oxygen; however, the rate of H2O2 con-
sumption is insensitive to this marked increase in %NAD(P)H (Fig
2A). This suggests that malate, a relatively poor respiratory sub-
strate, can maintain ﬂux through the matrix peroxidase systems
by the supply of reducing equivalents through thioredoxin reduc-
tase and glutathione reductase as effectively as the mix of gluta-
mate + malate. In contrast to the peroxidase capacity, which
seems to already be maximal at low %NAD(P)H, the ROS producing
sites continue to respond to increasing %NAD(P)H even at very high
reduction states of the matrix nicotinamide pools, consistent with
the observation that matrix NADH reduction state is a key determi-
nant of mitochondrial H2O2 efﬂux [10,12–15,29].
4.2. The effect of medium pH on mitochondrial H2O2 metabolism
When the pH of the medium was 7.2, the difference between
H2O2 efﬂux rates between malate and glutamate + malate can lar-
gely be explained by the much greater NADH-reduction state.
Thus, even though the H2O2 consumption capacity is much greater
than the observed rate of H2O2 efﬂux, the higher observed efﬂux
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NADH-pool. It has been shown, with rat brain mitochondria respir-
ing on glutamate + malate, that H2O2 efﬂux is sensitive to the pH of
the medium [22]. We examined if both H2O2 consumption and pro-
duction are inﬂuenced by altering the pH of the medium.
Like brain mitochondria, H2O2 efﬂux from rat skeletal muscle
mitochondria respiring on glutamate + malate show marked sensi-
tivity to the pH of the medium. Conversely, mitochondrial H2O2 ef-
ﬂux with malate alone shows no sensitivity to the pH of the
medium (Fig 3A). The ability to simply relate H2O2 efﬂux as a func-
tion of %NAD(P)H becomes questionable when compared across a
range of medium pHs (Fig 3B). The relationship appears intact as
%NAD(P)H increases with glutamate + malate from pH 6.8 to 7.2
as does H2O2 efﬂux. However, when the medium pH increases from
7.2 to 7.6 the %NAD(P)H does not change with glutamate + malate
while the rate of H2O2 efﬂux increases. With malate as the sub-
strate, the increase in pH from 7.2 to 7.6 results in a measurable
decline in %NAD(P)H with no difference in the rate of H2O2 efﬂux.
Perhaps most remarkable, the rate of H2O2 efﬂux at pH 6.8 is not
different between malate and glutamate + malate despite the
%NAD(P)H being much higher in the later condition. In this case
H2O2 efﬂux has no strong clear relationship to %NAD(P)H.Fig. 3. The effect of medium pH on mitochondrial H2O2 metabolism and %NAD(P)H.
Data for pH of 7.2 are the same as in Fig. 2. ⁄ Indicates a difference between 5 mM
malate and 5 mM glutamate + malate (P < 0.05). Differences amongst values using
the same respiratory substrate are indicated by different lower case letters
(P < 0.05). Data are mean ± S.E.M. (n = 4–5 separate mitochondrial preparations).
Where error bars are not visible they are obscured by the symbol.Mitochondrial H2O2 consumption capacity is also sensitive to
the pH of the medium. In the case of mitochondria respiring on
glutamate + malate the inﬂuence of medium pH on H2O2 consump-
tion capacity is inversely related to the pattern for H2O2 efﬂux (Fig
3C). With malate as the sole substrate H2O2 consumption capacity
shows less sensitivity to the pH of the medium, but the rate is low-
er at a pH of 7.6 than 7.2. Comparing between the two substrate
conditions there is no signiﬁcant difference except at a pH of 7.6
where the rate of consumption with malate + glutamate is lower
than with malate alone. This is also the condition where the differ-
ence in H2O2 efﬂux rate is greatest between the substrate condi-
tions tested (Fig 3A). This inverse response between substrates
used raises the possibility that the observed difference in H2O2
consumption capacity at pH 7.6 may actually reﬂect a difference
in net H2O2 metabolism. In this scenario, the lower apparent con-
sumption rate with glutamate + malate compared to malate alone
could be explained as a net decline in the observed rate of con-
sumption due to an increase in the rate of H2O2 production under
this condition.
4.3. Effect of altered medium pH on mitochondrial respiration and
substrate oxidation
Similar to ﬁndings with brain mitochondria [22], we found that
the pH of the medium had no effect on the uptake of safranin-O
(Fig. 4) when measured as ﬂuorescence quenching. Thus, our
observations do not appear to be explainable by variation in mem-
brane potential, although perhaps more subtle effects are occurring
that are not readily discernible by the safranin-O technique used
by us. As explained above, it is also unlikely that large changes in
the DpH were brought about by the medium pH. Table 1 showsFig. 4. Estimation of membrane potential by safranin-O ﬂuorescence quench. (A)
Representative trace for pH of 7.2. In this example, 5 mM glutamate + malate is
added as substrate and 2 lM FCCP added to fully uncouple mitochondria. (B) Effect
of medium pH on safranin-O ﬂuorescence quench. All data are normalized to the
mean value at pH 7.2 for the respective substrate addition. Data are mean ± S.E.M.
(n = 3–4 separate mitochondrial preparations) and no signiﬁcant differences were
found.
Table 1
Mitochondrial respiration in medium of different pH.
pH Respiration rates (nmol O min1 mg protein1)
5 mM Malate 5 mM Glutamate + malate
Non-phosphorylating Phosphorylating Non-phosphorylating Phosphorylating RCR
(State 2) (State 3) (State 2) (State 3) (State 3/ State 4)
6.8 26.6 ± 1.7 84.3 ± 13.5 59.0 ± 11.3 417 ± 48.2a 5.7 ± 0.50
7.2 22.7 ± 3.3 76.8 ± 17.1 61.4 ± 9.1 552 ± 56.9b 6.1 ± 0.20
7.6 20.4 ± 3.5 78.8 ± 14.2 61.1 ± 7.3 501 ± 33.5b 5.4 ± 0.58
In all cases shown 5 mM malate is less than 5 mM glutamate + malate (P < 0.05), values in the same column with different superscript letters are different (P < 0.05).
Respiration states indicated are as deﬁned by Estabrook [17]. Data are mean ± S.E.M. (n = 4 separate mitochondrial preparations).
a P < 0.05.
b P > 0.05.
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not affected by the medium pH under non-phosphorylating and
phosphorylating conditions (states 2 and 3 according to the
nomenclature of Estabrook [20]). With glutamate + malate there
was no effect of the pH of the medium on the non-phosphorylating
respiration rate but respiration in phosphorylating mitochondria
was lower at pH 6.8 than the other conditions (Table 1). The pH
of the medium had no effect on the respiratory control ratio (state
3/state 4 rates as deﬁned in [20]) with glutamate + malate as sub-
strates (Table 1). Based on these results, combined with the modest
effects on %NAD(P)H (Fig 3B), we conclude that over the range
tested the medium pH has relatively little impact on the mitochon-
drial bioenergetics under our experimental conditions.
4.4. Routes of H2O2 consumption in muscle mitochondria
There are several know pathways for H2O2 consumption in the
cell. Catalase is a common example; however, catalase is not found
in skeletal muscle mitochondria (Phung et al., 1994). The high rates
of H2O2 consumption following addition of respiratory substrates
implicate peroxidases, which require a supply of NADPH to main-
tain H2O2 consumption. The major mitochondrial peroxidases are
glutathione peroxidase and the thioredoxin-dependent peroxire-
doxins. In brain mitochondria, the peroxiredoxins predominate
H2O2 consumption in the presence of respiratory substrates
(Drechsel and Patel, 2010) but skeletal muscle is not well charac-
terized. Skeletal muscle mitochondria depleted of glutathione
demonstrate higher observed rates of H2O2 efﬂux than those with
endogenous glutathione (Treberg et al., 2010). This suggests some
matrix H2O2 is consumed by glutathione peroxidase but it is not
known how much of a contribution the peroxiredoxins have in
energized muscle mitochondria. Determining the major H2O2 con-
suming pathways for mitochondria from muscle, and other tissues
yet to be studied, is an area worthy of further investigation.
It is unclear what the source of the background H2O2 consump-
tion is. There may be some endogenous substrates within the mito-
chondria, as demonstrated by the initial safranin-O uptake
following the addition of mitochondria to the cuvette; however,
by 3 min the ﬂuorescence in the safranin-O experiments stabilizes
to the same level found when fully uncoupled (Fig 4A). This sug-
gests that all endogenous substrates are depleted prior to the addi-
tion of exogenous H2O2 in our consumption assay (Fig. 1). Of note,
the NAD(P)H autoﬂuorescence in rat skeletal muscle mitochondria
also reaches a minimum after a similar amount of time (3 min) at
37 C (Treberg et al., 2010), which is consistent with a depletion of
endogenous substrates. Moreover, Drechsel and Patel (2010) found
a similar background consumption rate with brain mitochondria
that did not decrease after initially exposing the mitochondria to
boiling water (c. 100 C). This resistance to temperature sufﬁcient
to denature most proteins makes a direct enzymatic process
unlikely.4.5. Physiological signiﬁcance
Our ﬁnding that muscle mitochondrial H2O2 metabolism may
shift preferentially towards a consumption role at low pH could
be particularly important under conditions where cellular pH
declines, such as intense exercise [30]. This could act as a pro-
tective mechanism against increased oxidative damage or exces-
sive oxidant production under periods of cellular acidosis if the
pH sensitive H2O2 consumption occurs in vivo. These results
add pH sensitivity of H2O2 consumption to the complex suite
of physiological considerations in the study of the intricate reg-
ulation of mitochondrial reactive oxygen species metabolism.
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